Permeabilization is an important tool in cell biology that allows manipulation of intracellular mechanisms by introduction of probes and regulatory molecules into the cell cytoplasm. We found that incubation of endothelial cells (ECs) with glass beads resulted in nonspecific permeabilization of human and bovine ECs without removal of the cells from monolayer culture. This poration of the plasma membrane allowed the introduction of macromolecules (dextrans ^152 kd and immunoglobulins) as well as small, charged molecules (Lucifer Yellow). We found that nonspecific permeabilization of the EC was transient and defined the conditions under which integrity of the plasma membrane was reestablished. This process was dependent on time, temperature, and the presence of extracellular calcium. We also demonstrated that permeabilized ECs regain functional characteristics. This was defined by a number of criteria, including the ability to rapidly reestablish confluent monolayer morphology, to extrude Lucifer Yellow, to adhere and spread after passage, and to synthesize biologically active molecules after stimulation with a receptor-mediated agonist Thus, transiently porated ECs loaded with appropriate probes can be used in studies of regulatory mechanisms while remaining in monolayer culture, a condition in which many phenotypic features are similar to in situ endothelium. Furthermore, the porated EC may be a useful model for defining the mechanisms that influence the repair of endothelial plasma membrane injury. (Arteriosclerosis and Thrombosis 1991;ll:97-106)
tant experimental system for exploring such activation responses because the cultured EC maintains many phenotypic and functional properties in common with in situ and in vivo endothelium. 1 - 4 As an example, cultured ECs synthesize eicosanoids and platelet-activating factor (l-O-alkyl-2-acetyl-snglycero-3-phosphocholine [PAF] ) in a regulated fashion when appropriately stimulated. The general features of the synthesis of these lipid autocoids are similar in low-passage confluent EC cultures and in in situ ECs. 4 -6 Although the enzymatic pathways are established, the biochemical systems that regulate the synthesis of these mediators are not precisely characterized. 7 - 8 The mechanisms that regulate other responses of activated endothelium are also incompletely defined. 9 - 10 Studies of signal transduction events and other regulatory mechanisms would be facilitated by a method that allows the efficient introduction into ECs of molecules that are otherwise unable to cross the plasma membrane. For example, introduction of enzyme inhibitors or activators, antibodies, nucleic acids and nucleotide probes, or modifiers of guanyi nucleotide-binding regulatory proteins (bacterial toxins and nonhydrolyzable analogues of guanosine triphosphate) into ECs without disruption of vital cellular processes would potentially allow the dissection of regulatory mechanisms. This strategy has been used to study a variety of processes in other cells.
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- 12 However, reestablishment of functional integrity of permeabilized cells is either frequently assumed but undocumented, or ignored. Here, we used a technique that nonspecifically permeabilized ECs 13 to molecules of various sizes to define conditions that allowed resealing of the membranes. We used these conditions to demonstrate that the permeabilized ECs reestablished functional integrity by a variety of criteria, including the ability to extrude the anionic fluorescent dye Lucifer Yellow and to synthesize PAF in a regulated fashion. This method provides a system for studying the effect of probes for dissecting regulatory events in competent ECs. Furthermore, the reversibly porated ECs may be a useful model for the study of repair of the plasma membrane in endothelium.
Methods

Materials
Trypsin/EDTA was purchased from GIBCO Laboratories, Grand Island, N.Y.; Hanks' balanced salt solution (HBSS) was purchased from M.A. Bioproducts, Walkersville, Md.; tissue culture dishes were from Corning Glass Co., Corning, N.Y.; and 2-N-(morpholino)ethanesulfonic acid (MES) and N-2-hydroxyethylpiperazine-Af'-2-ethanesulfonic acid (HEPES) were from Calbiochem, La Jolla, Calif. Fatty acid-free bovine serum albumin (FAF-BSA), the calcium ionophore A23187, Lucifer Yellow CH, fluorescein isothiocyanate dextrans (molecular weights of 4,000, 10,000, 40,000, and 152,000 d), and rhodamine B isothiocyanate dextrans (molecular weights of 10,000 and 70,000 d) were purchased from Sigma Chemical Co., St. Louis, Mo. [ 
Cell Cultures
Primary cultures of ECs from human umbilical vein (HUV) were grown to confluence on gelatincoated dishes (24-or 35-mm wells) as described. 14 Bovine pulmonary artery (BPA) ECs were harvested and grown in 35-mm wells as described. 4 HUV ECs and BPA ECs were studied in primary culture or after one or two passages. In all experiments, the monolayers were tightly confluent with postconfluent morphology at the time of study.
Chinese hamster ovary cells, HeLa cells, and L292 cells were gifts from Jerry Kaplan, and primary rat hepatocytes were provided by Keith G. Tolman, University of Utah, Salt Lake City, Utah.
Preparation of Glass Beads
The glass beads used for permeabilization were Glas-shot 82701 MS/MH from Ferro Corp., Jackson, Miss., and were obtained from a local distributor of sandblasting equipment. Cleaning was required. The beads were first stirred overnight in 2N HC1. Metallic contaminants were found to adhere to the magnetic stir-bar, and periodic replacement of the stir-bar eliminated them. After the acid wash, the beads were washed repeatedly with two to three volumes of deionized water until the acid was eliminated. The beads were subsequently washed three times with two volumes of methanol followed by three rinses with chloroform. In each wash, the beads were vigorously stirred with the solvent and were allowed to settle to the bottom of the container; the solvent was then decanted. The beads were dried under a gentle stream of nitrogen. The dried beads were then autoclaved and stored in sterile containers.
For experiments with glass filaments, the fibers were formed from capillary tubes heated and pulled to form a fine glass fiber.
Permeabilization Method
EC monolayers in 24-or 35-mm wells of plastic culture plates were washed with buffer (HBSS with 10 mM HEPES, pH 7.4). Buffer (HBSS with 10 mM MES, pH 6.9) containing the probes to be loaded into permeabilized cells was then placed over the monolayer. The volume of buffer used was usually 1.0 ml, but the process can be performed with much smaller volumes (200 (A for a 24-mm monolayer). In most experiments, Lucifer Yellow (0.5 mg/ml) or fluorescently labeled dextrans (5.0 mg/ml) of various molecular weights were used as probes (see "Results"). Beads were poured over the monolayer using a scoop fashioned from a pipet tip and dispersed with gentle agitation. A sufficient number beads were added to completely cover the monolayer with a single layer. The cells were then incubated at room temperature or at 37°C for 10 minutes with gentle agitation every 2 minutes. Removal of the beads was easily accomplished by one of two techniques: 1) The buffer was decanted, the culture dish was held with its bottom perpendicular to a receptacle, and the monolayer was washed with a gentle stream of buffer. 2) Alternatively, the beads were removed by tilting the plate, washing with the appropriate buffer, and collecting the beads and buffer in a sterile pipet attached to suction. Both methods usually required about 5-10 ml buffer/well to completely remove the beads. At this point, complete growth medium or incubation buffer was placed on the monolayer, and the experiment was continued.
Photomicroscopy
Cells were viewed with a Nikon inverted Diaphot-TMD microscope with an ELWD 0.3 phase-contrast system, Nikon Corp., Tokyo, Japan. Cells containing probes labeled with a fluorescein conjugate were viewed with a Nikon Bl filter and 200-W mercury-arc light source (Oriel Corp., Stratford, Conn.). The cells labeled with a rhodamine conjugate were viewed with a Nikon VI filter. To minimize cell injury during viewing, the cells were exposed to ultraviolet light only for visual inspection or for photography. Photographs were taken with Kodak T-MAX 400 ASA film that was "pushed" to 800 or 1600 ASA.
Fluorescence was graded on an arbitrary scale based on the number of fluorescent cells in a monolayer. A minimum of three to five random fields of a monolayer was counted with x200 magnification, and the percent of fluorescent cells was calculated from the total number of cells in the field. The arbitrary scale was created for relative fluorescence in a microscopic field (see Figure 3 ). The number "4" was assigned if 100% of cells in the field were fluorescent, "3" if more than 80% but less than 100% of cells were fluorescent, "2" if 30-79% of cells were fluorescent, "1" if 30% or less of the cells were fluorescent, and "0" if there was complete absence of fluorescence. This arbitrary scale correlated well with quantification of Lucifer Yellow in permeabilized and resealed ECs (see Figure 4) .
Fluorometric Measurements
To quantify the amount of Lucifer Yellow introduced and the rate of extrusion of Lucifer Yellow from ECs, they were permeabilized and loaded with Lucifer Yellow (1 mg/ml) as outlined above. The permeabilized, Lucifer Yellow-loaded cells were then placed in complete medium (M199 containing 10% pooled human serum). At various times, the supernatants were removed and saved, and the monolayer was washed with HBSS and then solubilized with 1% Triton X-100 in HBSS for 1 hour. Fluorescence was determined in both the supernatants and the solubilized cells with a Shimadzu RF 5000 U spectrofluorophotometer, Shimadzu Corp., Kyoto, Japan. The excitation wavelength was 430 nm, and emission was measured at 540 nm. The concentration of Lucifer Yellow was determined in each sample based on a standard curve. In some experiments, probenecid (Sigma) or control buffer was added to the medium after permeabilization to determine its effect on the extrusion of Lucifer Yellow. A modification of the method described by Andreoli 15 was used. Primary cultures of HUV ECs were incubated for 18-20 hours in complete medium containing 20% pooled human serum with 1 /iCi/ml [ 3 H]deoxyglucose. The cells were washed three times with HBSS and placed in HBSS with 10 mM HEPES and 0.25 mM FAF-BSA (pH 7.4). Monolayers were permeabilized as outlined above, the beads were removed, and the ECs were incubated in fresh buffer. At the indicated times after permeabilization, the incubation buffer was collected, and the monolayers were washed once. The cells were then solubilized with 1 M NtL,OH. Control monolayers were treated identically except that they were exposed to buffer that did not contain beads. The levels of radioactivity in the pooled incubation buffer/wash buffer and in the solubilized cells were determined separately by liquid scintillation spectrometry. The specific release of [
Platelet-Activating Factor Synthesis
Monolayers of ECs were stimulated with thrombin (2 units/ml) or the calcium ionophore A23187 (10" 5 M). 
Results
Glass Beads Permeabilize Endothelial Cells
We overlayed confluent monolayers of HUV ECs with glass beads in the presence of Lucifer Yellow, which was used as a marker of permeabilization. This dye was selected as a probe because it is fluorescent, is not toxic to cultured cells, and, even though it is small (gram formula weight=457.2), does not readily pass across the plasma membranes of intact cells due to its negative charge. 17 We found that 100% of the ECs in the monolayer contained Lucifer Yellow after exposure to glass beads ( Figure 1 , upper left and upper right). Examination of the cells at higher magnification demonstrated diffuse cytoplasmic fluorescence, intense labeling of the nuclei, and sparing of cytoplasmic vacuoles ( Figure 1 , middle left). In control monolayers where no beads were added, there was no fluorescence. Inspection of the monolayer with phase-contrast microscopy immediately after treatment with glass beads revealed that many cells were slightly pyknotic and retracted and that areas of the subcellular matrix were exposed ( Figure  1 , upper left and upper right) ). However, within 1-3 hours after removal of the beads and return of the cells to complete medium, the monolayer had recovered and had reestablished confluent morphology ( Figure 1 , middle right and lower left). BPA ECs responded in the same way as HUV ECs when permeabilized under these conditions. HUV ECs and BPA ECs were loaded with Lucifer Yellow by permeabilization with glass beads that ranged in size from 5 to 500 fim in diameter. However, we found that 200-jim beads caused the least alteration in the monolayer, routinely introduced Lucifer Yellow into 90-100% of the cells (Figure 1) , and had the additional advantage of being more easily removed by washing than smaller beads. The initial experiments were performed with buffers of pH 1.2-1 A. We subsequently examined the effect of varying the pH of the buffers on penneabilization (pH 5.0-8.0). We found that pH 6.9±0.2 was optimal, since it resulted in little disruption of the EC monolayer, and permeabilization of 90-100% of the 
Endothelial Cells Incubated With Glass Beads Undergo Transient Permeabilization Followed by Reseating of Plasma Membrane
To determine the duration of permeabilization, we exposed monolayers to glass beads in the absence of Lucifer Yellow for 10 minutes, removed the beads, and then added Lucifer Yellow at various times and incubated the monolayers for an additional 10 minutes. When this experiment was performed at 37°C, we found that the cells remained permeable for 10-15 minutes after application of beads. By 20 minutes, approximately half of the ECs were impermeable to the fluorescent dye, and by 40 minutes, all the cells were impermeable (Figure 3) .
We also examined the process of resealing by the converse approach: measurement of the loss of cytoplasmic contents. This was investigated using [ 3 H]deoxyglucose, which is rapidly taken up by cells and then phosphorylated, resulting in a compound that is impermeable to the membrane and trapped inside the cell. 15 Cells were loaded with [ ]deoxyglucose into the medium, with maximal release at 10 minutes after initial bead application. After 10 minutes, the release returned to the control level, consistent with the previous finding that resealing occurred within 10-15 minutes.
The resealing process was dependent on temperature. Permeabilization of the plasma membrane by glass beads was equally effective at 4°C, 25°C, and 37°C. While the kinetics of resealing were similar at 25°C and 37°C, at 4°C the cells did not reseal, resulting in persistent entry of Lucifer Yellow (Figure 3) .
We examined the role of calcium in these processes since it is known to be required for reestablishment of plasma membrane integrity in other cells. 2324 We found that ECs were effectively permeabilized in calcium-free buffer. However, when calcium was not present during the recovery phase, the ECs remained permeable to Lucifer Yellow ( Figure  3 ). There was also progressive loss of cell-cell adhesion of human ECs under these conditions (not shown), and the cells could only be followed for 30-40 minutes in the absence of calcium before disruption of the monolayer and loss of ECs from the plate. The latter effect is likely due to a requirement for calcium by HUV ECs for maintenance of adherence since this is mediated by integrins, 25 which commonly require divalent cations for interaction with connective tissue substrates. 26 
Adherent Endothelial Cells That Have Been Permeabilized With Glass Beads Are Functional
To determine if ECs permeabilized with glass beads maintained functional characteristics or were irreversibly injured (resulting in loss of key responses), we examined several important cellular processes. First, we asked if the ECs could extrude Lucifer Yellow, an organic anion. HUV ECs were loaded with Lucifer Yellow as described in "Methods" and Figure 1 , washed, and returned to complete medium. At various times, the monolayers were examined by phase-contrast and fluorescent microscopy. By 0.5-1 hour, the fluorescent dye was concentrated in prominent vacuoles as well as in the cytoplasm. By 1-3 hours, there was loss of the dye from both cytoplasm and vacuoles. The rate of elimination was variable but was uniformly complete by 4 hours. This process could be quantified by fluorimetry. Using this method, we found that the disappearance of Lucifer Yellow from the ECs was correlated with the appearance of the dye in the fluid phase (Figure 4) . In three experiments, the extrusion of Lucifer Yellow was prevented by probenecid (5 mM) (Figure 4) . 27 These results indicate that glass bead-permeabilized ECs maintain the ability to extrude organic anions.
-
28 This process appears similar to the transport mechanism described in the J774 mouse macrophage-like cell line, 27 in that the Lucifer Yellow is concentrated in cytoplasmic vacuoles (Figure 4 , lower right) and the inhibitory effect of probenecid had a similar concentration dependence (data not shown). In contrast to the rapid elimination of Lucifer Yellow (in the absence of probenecid), fluorescent dextrans tended to remain in the cytoplasm of ECs for 72 hours and longer.
We next asked whether the postpermeabilized ECs maintained the ability to adhere and spread during passage. Cells that had been permeabilized, loaded with dextran, and allowed to reseal, and control (untreated) cells were harvested with trypsin, washed, and added to new culture wells. The dextran-loaded cells were adherent in numbers equal to control ECs, and fluorescent dextran was seen when the cells were inspected after plating (4 hours), at 24 hours, and at confluence (3 days). The fraction of adherent cells containing fluorescein-labeled dextran at 4 hours was approximately equal to the fraction in the original monolayer. The previously permeabilized ECs grew normally, had a typical morphology, and grew to confluence within the same time (3 days) as control nonpermeabilized cells. Progeny of the fluorescent dextran-loaded cells contained fluorescent molecules. The fluorescent dye was processed into vacuoles and eventually eliminated from the cells, taking days rather than hours as with Lucifer Yellow. The larger the molecular weight of the dextran, the longer was this process of elimination.
Finally, we asked if responses that require regulated events at the plasma membrane are present in ECs that have been permeabilized and allowed to reseal. For this purpose, we chose the synthesis of PAF because we have shown that this response occurs in a regulated fashion when ECs are activated with receptor-mediated agonists and that it requires a transmembrane flux of extracellular Ca 2+ . 8 If permeabilized ECs respond in a similar fashion, it implies that signal transduction mechanisms that regulate these events are intact. Therefore, we permeabilized HUV ECs and, at various times after removal of the beads, tested their ability to synthesize PAF in the presence or absence of thrombin. 814 When ECs were assayed immediately after incubation with glass beads, we found that the permeabilization process alone (i.e., in the absence of thrombin) slightly stimulated PAF production, resulting in [ 3 H-acetyl]PAF accumulation that was 10-15% of that observed in thrombin-treated control ECs. This is likely explained by an increase in intracellular calcium resulting from Ca 2+ entry from the incubation buffer (1.2 mM Ca 2+ ) that is induced by the glass bead permeabilization. 8 As shown in Figure 5 , permeabilized ECs also synthesized [ 3 H-acety[\PAF after stimulation with thrombin. At the time of permeabilization and immediately afterward, the response was reduced by approximately 50%. By 2 hours, which corresponded to the time of reestablishment of confluent monolayer morphology, the production of PAF in response to thrombin returned to control levels. The same temporal pattern was seen when the calcium ionophore A23187 was used as the agonist.
Discussion
In the course of investigations aimed at defining the factors that regulate PAF synthesis in the endothelium, we examined a number of methods (poration with detergents, bacterial peptides, ATP, etc.) that have been used in other cell types for their ability to permeabilize ECs in monolayer culture and reproducibly introduce molecular probes. These methods were unacceptable because of a failure to consistently permeabilize the ECs, an excessive degree of damage to the fragile monolayer, or irreversible poration of the cells. The only efficient method for permeabilizing human ECs that we found was one in which adherent cells were porated with glass beads. 13 McNeil and Warder 13 demonstrated that this maneuver allowed loading of molecules into bovine ECs and other cell types, but these investigators did not examine functional responses of the permeabilized cells. We first defined conditions that nonspecifically permeabilized plasma membranes of human and bovine ECs to molecules of varying molecular mass and then documented the retention of the probes in the cells and the efficiency of loading of the probes. We then defined the conditions that allowed resealing of the plasma membranes, examined functional responses of the previously porated ECs, and examined the handling of introduced probes, including the organic anion Lucifer Yellow.
We found that under optimal conditions, small molecules such as Lucifer Yellow, dextrans ranging from 4,000 to 150,000 d in molecular weight, and Igs could be loaded into a majority of ECs with this method (Figure 2 ). This is similar to the size distribution reported by McNeil and Warder. 13 This nonspecific permeabilization of the ECs to molecules of varying size is consistent with a mechanism in which rents or pores in the plasma membrane are opened by contact with the glass, as in "scrape-loading." ECs was achieved. Furthermore, this pH resulted in a more rapid return to confluent morphology as judged by phase-contrast microscopy. Extensive damage to the monolayer occurred at a pH less than 5.5 and greater than 7.8. The damage at the extremes of pH occurred independently of the presence of glass beads and was characterized by cells that were pyknotic, retracted, and releasing from the plate. Subsequent experiments were performed at pH 6.9 with MES (10 mM) in HBSS.
To determine if direct contact of glass with the cells was necessary for permeabilization, we placed a narrow glass fiber on monolayers of HUV ECs and covered them with buffer containing marker dyes. This maneuver resulted in linear loading of Lucifer Yellow into ECs oriented precisely along the course of the fiber. This observation demonstrated that contact with the glass surface is required and, together with scanning electron photomicrographs of ECs fixed immediately after bead permeabilization that showed defects in the plasma membrane (not shown), supported the conclusion that this method is a variant of the scrape-loading technique.
11 When glass fibers were used to permeabilize localized groups of ECs to Lucifer Yellow, loading of the fluorescent dye extended several rows of cells away from the area of direct contact. This gradient of fluorescence was not seen when large molecular weight dextrans were used to load the cells (see next section); rather, fluorescent dextrans were present only in cells in direct contact with the fiber. This suggests that intercellular transport of Lucifer Yellow, but not of dextrans, occurred between ECs in the monolayer. The latter finding is consistent with the observation that intercellular transfer between mammalian cells is restricted to molecules with a molecular weight of 900 d or less.
1819 Junctional transfer of Lucifer Yellow has been previously reported in ECs 2021 and in exocrine pancreatic cells. 22 We found that rabbit alveolar macrophages, human monocyte-derived macrophages, rat hepatocytes, HeLa cells, CHO cells, and L292 cells could also be loaded with Lucifer Yellow or with macromolecules by bead permeabilization. In most cases, the permeabilization of these other cells was not as complete as in ECs, although we did not rigorously attempt to optimize the conditions for each cell type. Intercellular transfer of Lucifer Yellow was not seen in these cells.
Glass Beads Nonspecificalfy Permeabilize Endothelial Cells and Allow Introduction of Macromolecules Into Adherent Endothelial Cells
We determined the size of the molecules that could be introduced into ECs using this method. Buffers were prepared that contained dextrans of molecular weight 4,000-152,000 d that were labeled with cyanofluorescein or rhodamine B. Introduction of these probes into ECs was assessed by fluorescence microscopy. As the mass of the molecule was increased, the percentage of cells with fluorescent label decreased. However, dextran of molecular weight of 152,000 d was introduced into 75-85% of the ECs (Figure 2) . We found that a greater fraction of the cells in a monolayer were permeabilized to large molecular weight compounds (regardless of the size of the dextran) by using a mixture of glass beads ranging in size from 50 to 200 ^im.
-
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When macromolecular probes were loaded into monolayers, variation in cellular fluorescence occurred. Individual ECs were seen that were heavily labeled, that contained no fluorescence and that presumably were not permeabilized at all, and that were intermediate between these two extremes (Figure 1, lower right) . This heterogeneity was present functions. These include 1) the ability to rapidly reestablish confluent monolayer morphology ( Figure  1 ) and, presumably, the phenotype of confluent EC. rupted when compared with ECs in tightly confluent monolayers 129 (R.E. Whatley, unpublished observations). 2) the ability to rapidly repair, demonstrated by the ability of permeabilized ECs to "reseal" the porated plasma membranes (Figure 3) . 3) the ability to extrude Lucifer Yellow after cytoplasmic loading of this fluorescent anion. Our experiments indicate that this process may involve an anion transporter that is similar to the transporter in macrophages 28 but that has been previously unrecognized in ECs (see below). 4) the ability of transiently permeabilized ECs, including ECs loaded with fluorescent macromolecules, to adhere and spread after passage of the cells. This suggests that cell-surface integrins 25 -30 and cytoskeletal elements 30 are intact in bead-permeabilized cells although additional studies will be required to establish this. 5) the ability of transiently permeabilized ECs to synthesize biologically active molecules in a regulated fashion, demonstrated by the synthesis of PAF in response to stimulation with a receptor-mediated agonist (thrombin) or a pharmacologic agent (calcium ionophore A23187). The response to thrombin demonstrates that receptormediated signal transduction mechanisms, including Ca 2+ channels and the protein kinase C system, are intact in "bead-permeabilized" ECs. 8 Repair or "resealing" of the permeabilized EC plasma membranes occurred in a time-, temperature-, and Ca 2+ -dependent manner (text and Figure  3 ). The mechanisms involved in repair of eukaryotic cell membranes have not been completely defined. However, certain features of the resealing process in ECs are similar to those described for other cells. In axons, resealing is progressively more efficient at and above the phase transition temperatures of membrane lipids (13-22°C) but does not occur at lower temperatures. 24 We found that resealing of EC plasma membranes did not occur at 4°C (Figure 3) , consistent with this observation. A second variable is extracellular calcium. Calcium is required for effective resealing of plasma membranes of axons, 24 epithelial cells, 23 and cardiac muscle cells. 31 This is similar to our finding with ECs ( Figure 3) . In cardiac muscle cells, intact intercellular junctions also appear to be important for the resealing process. 31 This may be true for ECs as well since intercellular adhesion in endothelium is mediated by calcium-dependent cadherins 32 and calcium deficiency caused progressive loss of cell-cell contact as well as loss of the ability to reseal (Figure 3) .
When ECs were permeabilized, loaded with Lucifer Yellow (Figure 1) , and allowed to reseal, Lucifer Yellow was concentrated into vacuoles ( Figure 4C ) and then exported into the fluid phase in a timedependent manner (text and Figure 3 ). This extrusion of Lucifer Yellow was inhibited by probenecid ( Figure 4 ). These features are similar to the handling of Lucifer Yellow by macrophages and suggest that ECs have a previously unrecognized organic anion transporter similar to that in mononuclear leukocytes. 2728 It is possible that this mechanism is important in the secretion of other organic anions such as prostaglandins.
The experiments in this report demonstrate that transiently porated human and bovine endothelium in monolayer culture reestablishes important functional characteristics. In subsequent studies, we used this method to introduce nonhydrolyzable or "caged" 33 analogues of guanyl nucleotide-binding regulatory proteins ("G proteins") into adherent ECs to examine the role of G proteins in the regulation of lipid autacoid synthesis, demonstrating the utility of the method for exploring intracellular regulatory mechanisms. 34 Others have also used our conditions for permeabilization and resealing to introduce probes of cellular functions into ECs. 3536 Because of the general utility of porated cells as experimental models, 13 -37 -39 this approach may also be useful for the study of other adherent cells that are important in vascular pathophysiology such as smooth muscle cells or macrophages. As noted in "Results," we have used the method to introduce Lucifer Yellow into human monocyte-derived macrophages. Finally, transient poration and resealing of ECs under these conditions may be a useful model of endothelial plasma membrane injury and repair. Such cellular injury appears to occur in vivo as well as in vitro and may have functional consequences such as the release of growth factors and other EC products. 40 Wald for preparing the manuscript. We greatly appreciate the help of the staff of the LDS Hospital Labor and Delivery Service for assistance in collecting umbilical vein samples.
